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A B S T R A C T   

Focused ultrasound (FUS) in combination with systemically injected microbubbles can be used to non-invasively 
open the blood-brain barrier (BBB) in targeted regions for a variety of therapeutic applications. Over the past two 
decades, preclinical research into the safety and efficacy of FUS-induced BBB opening has proven this technique 
to be transient and efficacious, propelling FUS-induced BBB opening into several clinical trials in recent years. 
However, as clinical trials further progress, the neuroinflammatory response to FUS-induced BBB opening needs 
to be better understood. In this study, we provide further insight into the relationship of microbubble cavitation 
and the resulting innate immune response to FUS-induced BBB opening. By keeping ultrasound parameters fixed 
(i.e. frequency, pressure, pulse length, etc.), three groups of mice were sonicated using a real-time cavitation 
controller until a target cavitation dose was reached (1 x 107 V2•s, 5 x 107 V2•s, 1 x 108 V2•s). The change in 
relative gene expression of the mouse inflammatory cytokines and receptors were evaluated at three different 
time-points (6 h, 24 h, and 72 h) after FUS. At both 6 and 24 h time-points, significant changes in relative gene 
expression of inflammatory cytokines and receptors were observed across all cavitation groups. However, the 
degree of changes in relative expression levels and the number of genes with significant changes in expression 
varied across the cavitation groups. Groups with a higher cavitation dose exhibited both greater changes in 
relative expression levels and greater number of significant changes. By 72 h post-opening, the gene expression 
levels returned to baseline in all cavitation dose groups, signifying a transient inflammatory response to FUS- 
induced BBB opening at the targeted cavitation dose levels. Furthermore, the real-time cavitation controller 
was able to produce consistent and significantly different BBB permeability enhancement volumes across the 
three different cavitation dose groups. These results indicate that cavitation monitoring and controlling during 
FUS-induced BBB opening can be used to potentially modulate or limit the degree of neuroinflammation, further 
emphasizing the importance of implementing cavitation controllers as FUS-induced BBB opening is translated 
into the clinic.   
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1. Introduction 

Focused ultrasound (FUS) induced blood-brain barrier (BBB) open-
ing has been established as an effective non-invasive, transient surrogate 
to deliver therapeutic agents from systemic circulation into the central 
nervous system (CNS). More recently, aside from a drug delivery adju-
vant, FUS-induced BBB opening has been proposed as an immune system 
stimulator resulting in behavioral improvement [1] and pathological 
amelioration [2–6]. Extensive pre-clinical research and the corre-
sponding promising findings led to a battery of clinical trials in patients 
with Glioblastoma (GBM) and Alzheimer's disease (AD). Initial feasi-
bility and safety has already been established in patients with GBM [7] 
and AD [8] patients showing safe and reversible BBB openings with and 
without drug delivery using the MR-guided ExAblate system developed 
by Insightec (Insightec Inc., Tirat Carmel, Israel). Furthermore, our in- 
house developed clinical system for neuronavigation-guided FUS- 
induced BBB opening that does not rely on MR-guidance [9], has started 
with AD patients which includes assessment of pathological alteration 
following the procedure (NCT04118764) as well as pediatric tumor 
patients (NCT04804709). 

Hence, the immense potential of the technique in the clinical setting, 
greater attention has been focused to the time course of events following 
the FUS-induced BBB opening. The primary effects unfold immediately 
following the FUS including the disruption of the tight junctions and the 
associated protein balance, increased permeability of the cell plasma 
membrane and elevated transcytotic vesicles [10]. The principal sec-
ondary effect that is initiated within hours following the FUS is the in-
flammatory response [10]. Inflammation is a protective physiologic CNS 
response to injury and infection, essential in stimuli removal and tissue 
healing [11]. In acute neuroinflammation, reactive microglia restrain 
the area of injury through phagocytosing dying cells and releasing pro- 
inflammatory cytokines [11]. Prolonged neuroinflammation exceeding 
the bounds of physiological control can result to deleterious effects 
involving pro-inflammatory signaling pathways, increased oxidative 
stress, and death of nearby neurons [11]. 

The resulting bioeffects due to the FUS-induced BBB opening are 
within the parametric space previously identified to induce safe FUS- 
induced BBB opening. Previous studies investigated the FUS parame-
ters (frequency, pressure, pulse length) [12–14], the sonication duration 
[15] as well as the microbubble composition [16–18] and administered 
concentration [19] have been exploited and optimized to a safety win-
dow. The safety profile of this intervention has been evaluated in both 
wild-type and diseased model animals through a plethora of safety 
metrics including T2-weighted and susceptibility-weighted imaging 
(SWI) to assess edema and hemorrhage [20,21], hematoxylin and eosin 
(H&E) staining to assess histological changes such as red blood cell 
extravasation [22,23], immunohistochemistry (IHC) to assess changes 
in protein expression such as Iba1 and GFAP [2,24], and behavioral 
studies to assess potential neurological changes following FUS-induced 
BBB opening [25–27]. It has been shown that varying the pressure al-
ters the likelihood of red blood cell extravasation in the sonicated lo-
cations [26] while varying the combination of FUS pulse lengths and 
pressures alters the BBB opening probability and closing timeline [12]. 
In recent years, transcriptomics and proteomics have emerged as an 
important tool to evaluate the safety and efficacy of FUS induced BBB 
opening [28–30]. By studying the innate immune response to the tem-
porary disruption of the BBB, a new metric to further evaluate the safety 
and efficacy of FUS induced BBB opening is being explored. Consistent 
with the safety evaluation from previous studies, it has been found that 
the immune response is dependent on the sonication parameters 
employed in the FUS-induced BBB opening [29]. With such a large 
parameter space available, evaluation and understanding of the immune 
response to FUS-induced BBB opening has become challenging. 

One insightful metric that has been often employed in FUS-induced 
BBB opening is the microbubble cavitation dose, as it can provide real 
time information on the occurring bioeffects [31,32]. Previous studies 

have found that cavitation dose can be correlated with the BBB 
permeability enhancement volume, BBB opening duration, and poten-
tial damage, evaluated using MRI and H&E staining [33]. Using cavi-
tation dose as a unifying metric that is dependent on the sonication 
parameters can provide meaningful information on the potential bio-
effects. Recent studies have begun exploring cavitation-based control-
lers for safe and effective BBB openings for drug delivery [34,35], but 
studies investigating the inflammatory response using a cavitation- 
based controller system have been limited. 

Herein, the work in this study looks to exploit the relationship be-
tween cavitation level and the inflammatory response following FUS- 
induced BBB opening. After developing a cavitation-based controller, 
three different cavitation thresholds were explored at the same, fixed 
pressure. The inflammatory response at these different cavitation 
thresholds was evaluated at three different time-points to examine both 
the short term and long-term effects of BBB opening, and whether the 
inflammation can be controlled using cavitation. 

2. Materials and methods 

2.1. Animal use and study design 

All experimental procedures and protocols involving animals in this 
study were approved by the Columbia University Institutional Animal 
Care and Use Committee. Wild-type C57BL/6 mice (sex: male, weight: 
25–30 g, age: 6–8 weeks old, Harlan, Indianapolis, IN, USA) were group 
housed under standard conditions with standard rodent chow and water 
ad libitum. A total of 36 mice were randomly split into three different 
cavitation dose groups and three different time points (N = 4/group). 
The three different cavitation dose groups were controlled using real- 
time cavitation monitoring, discussed in a later section, and the result-
ing inflammatory response was assessed at three different time-points of 
6 h, 24 h, and 72 h post FUS-mediated BBB opening. 

Mice were anesthetized using 1.5% - 2.5% isoflurane with oxygen at 
0.8 L/min. Anesthetized mice were then placed into a stereotaxic frame 
(Model 902, David Kopf Instruments, Tujunga, CA, USA), where their 
heads were shaved and depilatory cream was applied, removing all the 
hair on the scalp. A 27-guage butterfly needle was placed into the tail 
vein for intravenous (IV) injections of saline and microbubbles (MBs) 
during FUS-mediated BBB opening. Throughout the procedure, the 
anesthesia was maintained at 1.5% - 2% isoflurane with the oxygen flow 
rate at 0.8 L/min. 

2.2. FUS-mediated BBB opening 

FUS-mediated BBB opening was achieved using a combination of 
FUS ultrasound and systemically injected MBs. A schematic for the 
experimental setup can be seen in Fig. 1A. Throughout this study, a 
single-element, spherical FUS transducer (center frequency: 1.5 MHz, 
focal length: 60 mm, diameter: 60 mm, Imasonic, France) was driven by 
a function generator (Agilent 33220A, Palo Alto, CA) that was amplified 
using 50-dB power amplifier (324LA, Electronic Navigation Industries, 
Rochester, NY). The FUS transducer emits an ellipsoidal focal spot with a 
full width half max (FWHM) lateral length of 1.28 mm and a FWHM 
axial length of 10.45 mm, as measured in degassed water by a bullet 
hydrophone (HGL-0200, ±3-dB frequency range of 0.25–40 MHz; Onda 
Corporation, Sunnyvale, CA, USA). A 2D axial cross-sectional view of the 
focus can be seen in Fig. 1B. Confocally aligned with the FUS transducer 
was another single-element transducer (V320, frequency: 7.5 MHz, focal 
length 52 mm, diameter: 13 mm; Olympus NDT, Waltham, MA) that was 
used for passive cavitation detection (PCD). The − 6 dB bandwidth for 
the PCD was 59.3%, corresponding to a bandwidth ranging from 5.34 
MHz to 9.85 MHz. Real-time cavitation monitoring using this single- 
element PCD was used for our real-time cavitation controller, which 
will be explained in the next section. 

A single location in the left striatum (4.5 mm lateral, 2.6 mm 
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anterior, relative to lambdoid suture) was targeted for BBB opening 
using an estimated in situ peak negative pressure (PNP) of 490 kPa 
(mechanical index of 0.4), a pulse repetition frequency (PRF) of 2 Hz, 
and a pulse length of 10 ms (15,000 cycles). The estimated in-situ PNP 
pressure was assessed using free-field hydrophone measurements that 
was derated by 18% to correct for the mouse skull attenuation [36]. The 
microbubbles used in this study for BBB opening were Definity® (Lan-
theus Medical Imaging, N. Billerica, MA, USA) and were injected 
intravenously as a bolus at a concentration of 0.1 μL per gram of body 
weight (10 times the manufacturer and Food and Drug Administration 
recommended dosing for clinical imaging). These sonication parameters 
(PL, PRF, PNP, etc.) and total number of microbubbles administered per 
bolus injection were chosen based on previous studies showing suc-
cessful and safe BBB opening at similar parameters [12,17,26,37]. 
Table 1 summarizes the microbubble dosage used in previous reports 
that were used to guide this study. 

2.3. Open-loop real-time cavitation controller 

Real-time cavitation monitoring was implemented to monitor the 
microbubble acoustic emissions during FUS treatment. For each pulse 
transmitted, microbubble cavitation acquired through the single- 
element PCD during sonications were transferred to a digitizer (Gage 

Applied Technologies Inc., Lachine QC, Canada) and then processed in 
MATLAB (2019a Mathworks, Natick, MA, USA). A fast Fourier transform 
(FFT) was applied to each PCD pulse acquired and the resulting energy 
spectral density was filtered with a bandpass filter between the 3rd and 
9th harmonics (4.5 MHz – 13.5 MHz). The total energy within the 
filtered bandwidth was quantified as the cavitation dose (CD) for the 
current pulse, seen in the following equation: 

CD =
∑13.5MHz

4.5MHz
|FFT{xbubble[t] } |2  

where xbubble[t] is the raw time-domain signal received by the PCD after 
each FUS pulse. Prior to microbubble injection, the average CD from 100 
acquisitions were taken into account in order to assess the underlying 
background control signal (CDcontrol) and to ensure there were no major 
reflections or existing bubbles in the FUS path. If the control CD was 
highly variable, or contained higher harmonic responses, the water bath 
and ultrasound gel were removed and reapplied until the control CD 
signal was stable. Furthermore, the CD was broken down into stable and 
inertial cavitation dose. The stable cavitation dose was quantified either 
using only the harmonic components (SCDh) or the ultraharmonic 
components (SCDu) by integrating the energy within the respective 
harmonic and ultraharmonic bins (bandwidth 200 kHz) between the 3rd 
and 9th harmonics. The remaining CD energy not contributing to the 

Fig. 1. A) Schematic of the experimental setup used throughout this study (Created with Biorender.com). B) 2D axial pressure map of the 1.5 MHz FUS transducer 
measured with a bullet hydrophone in degassed water. Plots to the right of profile are lateral (top) and axial (bottom) 1-D plots taken along at the center along each 
respective axis. The full-width half max (FWHM) for each axis is shown. C) Block diagram of cavitation based-controller system used throughout this study. 

R. Ji et al.                                                                                                                                                                                                                                        

http://Biorender.com


Journal of Controlled Release 337 (2021) 458–471

461

stable cavitation doses was considered to be the inertial cavitation dose 
(ICD). Stable (harmonic and ultraharmonic) and inertial cavitation 
doses were reported relative to their respective cavitation dose during 
the 100 control sonications acquired prior to microbubble injection. 

Throughout this study, an open-loop cavitation controller was 
implemented to control the BBB permeability enhancement volume, 
with a cumulative cavitation dose (CCD) as the end-point criteria of the 
system. The block diagram of the control system is summarized in 
Fig. 1B. Operating at fixed sonication parameters, the CD from the 
current pulse (CDcurr), minus the average CDcontrol, is added to the CCD, 
which is the running total of normalized CD accumulated throughout the 
sonication. Here, the CCD is the metric used to control the sonication 
duration. Once the CCD reaches the preset target (CCDtarget), the soni-
cation ends. Throughout this study, we used three different CCD targets 
(1 x 107 V2•s, 5 x 107 V2•s, 1 x 108 V2•s), which herein will be defined as 
low (lCCD), medium (mCCD), and high (hCCD), respectively. In order to 
reach the higher CCD target, reinjection of microbubbles was occa-
sionally needed. Bolus reinjections were administered when the current 
CD during the sonication dropped below 1 dB, relative to the average 
CDcontrol. Subsequent reinjections of microbubbles were at the same 
initial microbubble dose. These CCD targets and reinjection criteria 
were determined in preliminary studies performed to emulate different 
volumes of enhancement and may need to be further refined depending 
on the application or experimental setup. Previously published 
controller systems for FUS-induced BBB opening focused on controlling 
the sonication pressure with fixed treatment durations [38,39], while 
the cavitation controller system presented here sonicated with fixed 
pressure and varied the treatment duration based on the desired CCD 
targets. 

2.4. Magnetic resonance imaging (MRI) data acquisition and analysis 

Following the FUS induced BBB opening, mice underwent MRI to 
confirm targeting and BBB opening. Immediately after the sonication, a 
bolus of 0.2 mL of gadodiamide (Omniscan, GE Healthcare, Chicago, IL) 
was intraperitoneally (IP) administered. The mice were then scanned in 
a vertical bore 9.4 T MRI system (Bruker Biospin, Billercia, MA) and a 
birdcage coil (diameter: 30 mm). Gadodiamide was allowed to circulate 
for 30 min before a T1-weighted 2D FLASH sequence was taken in the 
axial and coronal planes (TR/TE: 230/3.3 ms, flip angle: 70%, NEX: 6, 
resolution: 100 μm × 100 μm, slice thickness: 400 μm). In addition, a T2- 
RARE sequence (TR/TE: 2500/30 ms, NEX: 6, resolution: 100 μm × 100 
μm, slice thickness: 400 μm) was performed prior to contrast injection to 
assess for potential hemorrhage or edema. Mice were on isoflurane 
anesthesia (1–2%, oxygen flow rate of 0.8 L/min) throughout the scan. 

Contrast-enhanced T1-weighted MR images were processed in 
MATLAB (2019a, Mathworks, Natick, MA, USA) for quantification of 
BBB permeability enhancement volume. First, the brain was manually 
segmented. Afterwards, a threshold was applied to the brain based on a 
region of interest (ROI) in the contralateral hemisphere (left striatum). A 
threshold of two standard deviations above the mean ROI pixel intensity 
in the contralateral hemisphere was applied to generate a binary mask 
indicating the area of BBB permeability enhancement. Morphological 
operations (dilation and erosion) were applied to this mask to clear up 

small areas of false positive and to connect gaps/holes in the generated 
mask. This mask generation was applied independently to every axial 
slice for each mouse and the final enhancement volume was estimated 
across all axial slices. 

2.5. Histology 

Mice used for histology were euthanized and transracially perfused 
with cold phosphate buffered saline followed by 4% paraformaldehyde. 
The brain was then extracted from the skull and submerged in 4% 
paraformaldehyde for at least 3 days. Brains were then embedded in 
paraffin and sectioned coronally at 5um thickness. Each section level 
was separated by 150um, with the first 4 consecutive sections collected 
at the start of each level stained with hematoxylin and eosin (H&E). 
Each brain was sectioned from the end of the olfactory bulb to the start 
of the cerebellum, to ensure full coverage of the FUS focus volume 
within the striatum. Using the contrast enhanced MRI images, repre-
sentative sections covering the center of the enhancement volume were 
chosen for histology. Tiled brightfield colored images were acquired for 
each section at 10× magnification using a Leica Microscope (Leica DM6) 
and mosaic stitched using the Leica LAS X Navigator software. 

2.6. Quantitative PCR analysis 

Under anesthesia, animals were each rapidly decapitated and the 
brain was extracted. The brain was washed briefly with 1× USP PBS, in 
order to remove excess blood and then placed immediately on ice. Using 
pre-cooled tools, the brain was hemisectioned first and while remaining 
on ice, the striatum was dissected out of each hemisphere. The left and 
right striatum were kept separate and placed in corresponding pre- 
labeled eppendorf tubes with 2 mL of Invitrogen™ RNAlater™ Stabili-
zation Solution, or enough to submerge the tissue, to stabilize and 
protect the cellular RNA in each dissected hemisphere. The tissue was 
kept in the RNAlater™ solution at 4 ◦C until gene expression analysis 
was performed by the Molecular Pathology Shared Resource (MPSR) 
core at Columbia University. Frozen tissue sections in RNAlater™ were 
provided to the MPSR core where RNA was first extracted using the 
RNeasy Microarry Tissue Mini Kit (Qiagen Inc., Germantown, MD), 
assessed for quality and concentration using a 2100 Bioanalyzer (Agi-
lent, Santa Clara, CA). An RNA Integrity Number (RIN) greater than 8.0 
was used as the cut-off for RNA quality assurance for gene analysis. All 
samples had RIN values between 9.0 and 10.0. Reverse transcription of 
the mRNA into cDNA was performed using the RT2 First Strand Kit 
(Qiagen Inc., Germantown, MD), according to manufacturer's in-
structions. Afterwards, real-time quantitative polymerase chain reaction 
(RT-qPCR) was performed using RT2 SYBR® Green qPCR Mastermix 
(Qiagen Inc., Germantown, MD) and the Profiler PCR Array (96-Well 
Format) for Mouse Inflammatory Cytokines & Receptors (Cat. No. 
330231 PAMM-011ZA, Qiagen Inc., Germantown, MD) on a Starta-
gene® Mx3005p qPCR system (Agilent, Santa Clara, CA). Gene expres-
sion analysis was performed using the ΔΔCT method [40], where 
individual gene cycle thresholds were normalized to the housekeeping 
gene (Gapdh). Genes with cycle threshold (Ct) values greater than 35 
were considered to be insignificant levels of expression and set to a Ct 

Table 1 
Characterization of microbubble formulations used for clinical imaging with Definity, ten times (10×) the clinical imaging dose of Definity, and previously published 
reports showing effective FUS-induced BBB opening.  

Reference Bubble Distribution Bubble Size Bubble Concentration Bubble Dosage Bubbles per bolus injection 
(million) 

Clinical Definity Polydisperse 1.1–3.3 μm 1.2 × 1010/mL 0.01 μL/g 3 
10× Clinical Definity Polydisperse 1.1–3.3 μm 1.2 × 109/mL 1.0 μL/g 30 
Samiotaki et al. 2013 [12] Polydisperse 1.1–3.3 μm 6.0 × 108/mL 1.0 μL/g 15 
Choi et al. 2010 [17] Size isolated 4–5 μm 8.5 × 108/mL 0.9 μL/g 19 
Olumolade et al. 2016 [26] Polydisperse ~1.4 μm 8.0 × 108/mL 1.0 μL/g 20 
Wu et al. 2015 [37] Size isolated 4–5 μm 8.0 × 108/mL 1.2–1.5 μL/g 24–30  
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value of 35 for data analysis. Each gene in the treated side (left striatum) 
was then normalized to the untreated side (right striatum) for each 
mouse to calculate the log2 fold change in gene expression. 

2.7. Statistical analysis 

Statistical analysis was performed in both Graphpad Prism software 
(Version 8.4.2, GraphPad Software, La Jolla, CA, USA) and MATLAB 
(2019a Mathworks, Natick, MA, USA). All error bars presented are 
expressed in standard error mean (SEM). Inter-group analysis for soni-
cation duration, number of microbubble injections, and BBB perme-
ability enhancement volume was performed using one-way analysis of 
variance (ANOVA) followed by a post-hoc multiple comparison with 
Tukey's multiple comparison correction. Analysis of statistically signif-
icant changes in relative gene expression was performed for each gene 
by taking the delta Ct values for the ipsilateral and contralateral qPCR 
reactions and performing a paired-sample t-test. Within each group, 84 
multiple comparisons were performed for each gene in the qPCR kit, and 
therefore a false discover rate (FDR) correction was applied using a two- 
stage step-up method of Benjamini, Krieger and Yekutieli, with an FDR 
adjusted p-value of 5% (q < 0.05). 

3. Results & discussion 

3.1. Cavitation controller metrics 

Throughout this study, a real-time, open-loop cavitation-based 
controller was used. Representative examples of the acquired cavita-
tion dose over time are shown in Fig. 2A (top row) for the three different 
cavitation dose cutoffs (low – left, medium – middle, high – right) used 
throughout this study, while in the bottom row are examples of the CCD 
over time, corresponding to the respective cutoffs. Fig. 2B breaks down 
the contribution of power to the cavitation dose from harmonic, ultra-
harmonic, and broadband emissions. The increase of the cavitation 
signal relative to the baseline is evident as microbubbles are adminis-
tered intravenously and begin to circulate, specifically with a much 
stronger increase in cavitation levels for harmonic emissions than 
ultraharmonic and broadband emissions. Following this initial increase, 
microbubble clearance results in the gradual CD decay. To achieve the 
higher CCD targets, reinjections were necessary in most cases, which are 
evident from the occasional spikes in CD observed throughout the son-
ication, indicated by the arrows in the plots in Fig. 2A. The average 
sonication duration was 0.68 ± 0.22 min, 4.0 ± 0.89 min, and 7.2 ± 1.1 
min, for the lCCD, mCCD and hCCD groups, respectively (Fig. 2C), while 
the number of injections necessary to reach the target doses were 1.3 ±
0.13 injections, 1.8 ± 0.27 injections, and 3.5 ± 0.45 injections, 
respectively (Fig. 2D). The number of injections and sonication duration 
was found to be significantly different (p < 0.05) for all groups except for 
the number of injections required between the lCCD and mCCD groups. 
The cavitation signal was also further analyzed into stable (harmonics 
and ultraharmonics) cavitation and inertial (broadband) cavitation 
(Fig. 2E). In all three CCD targets, their average CD (relative to baseline) 
was similar for harmonic (~12 dB), ultraharmonics (~0.24 dB), and 
broadband emissions (~0.22 dB). As a result, stable harmonic emissions 
accounted for the majority of the CD emissions, while ultraharmonics 
and broadband emissions accounted for a very small percentage in all 
three CCD targets. 

The cavitation controller employed three linearly increasing CCD 
targets, which exhibited a linear increase in sonication times but 
required a disproportionately different number of microbubble in-
jections for higher CCD targets; there was a drastic increase in the 
number of injections required for the hCCD group compared to mCCD 
group. This increase in the number of injections could be due to the 
microbubble clearance rate, changes in the underlying microvasculature 
over time, or a combination of both. Our study used oxygen as our 
anesthesia carrier instead of medical air and previous research has 

shown that when using oxygen, microbubble clearance rates were found 
to be 1.5 times faster when compared to medical air as the anesthesia 
carrier [41]. This faster clearance rate when using oxygen may require 
increased number of microbubble injections as the duration of sonicat-
ion increases. We expect a reduction in the number of injections 
required if medical air was used instead. Additionally, as the sonication 
duration increases, an exponentially increasing amount of cavitation 
events are occurring at the focus, changing the underlying microvas-
culature within, and potentially reducing the amount of bubble 
perfusing the focal area. This is evident in the lower observed maximum 
CD peaks following microbubble reinjection than the initial CD peak 
from the first injection (Fig. 1A, arrows indicating reinjections in the 
middle and right plots). Quantification of the cavitation dose following 
bolus reinjections of microbubbles revealed a significant decrease in 
peak cavitation dose relative to the peak cavitation dose to the initial 
microbubble injection (Fig. S1). For the 2nd, 3rd, and 4th or more 
microbubble injection, the peak cavitation dose following reinjections 
was on average 70%, 50% and 56% relative to the initial peak cavitation 
dose, respectively. Future studies are necessary to properly assess this 
observed phenomenon. 

In this study, the controller system used the total energy emitted 
from the cavitating microbubbles circulating in the brain to dictate the 
duration of sonication. By fixing the CCD, predictable and consistent 
BBB permeability enhancement volume was achievable. Other 
controller system regimes have been investigated by others as well. 
O'Reilly et al. developed a controller system that ramped up the pressure 
until ultraharmonics or subharmonics were detected, and then lowered 
the pressure by a certain percentage and maintained it for the remaining 
fixed duration of the sonication [38]. The presence of ultraharmonics 
and subharmonics during FUS-induced BBB opening have also been 
investigated and shown to be indicative of certain bioeffects following 
BBB opening [32,38]. Another approach reported by Kamimura et al. 
involved ramping up the pressure to sustain a predefined level of stable 
cavitation activity, and to decrease the pressure when inertial cavitation 
activity was detected [39]. Sustained inertial cavitation during FUS- 
induced BBB opening has been associated with negative and damaging 
bioeffects such as lesioning and red blood cell extravasation and are 
often undesirable and avoided during FUS-induced BBB opening ex-
periments [33,42]. A more recent controller system (Sun et al. 2017) 
modulated the pressure to sustain certain levels of harmonic cavitation 
emission, while simultaneously avoiding inertial cavitation emissions 
[34]. In their study, Sun et al. found a direct relationship between the 
total harmonic emission and the amount of doxorubicin delivered to the 
brain. However, their sonications were still dictated by fixed sonication 
times, and the sonication duration to achieve different delivery doses. 
The sonications in the present study were guided by the desired CCD, 
resulting with varied sonication times. Nonetheless, the results pre-
sented in this study further bolster that fact that cavitation is one of the 
most important metrics to monitor as it is highly indicative of the 
resulting bioeffects, independent of the FUS parameters. 

3.2. FUS-induced BBB opening safety metrics varied dependent on CCD 

To assess the bioeffects from using this cavitation-based controller 
system, MRI and histology were performed. First, contrast enhanced T1- 
weighted (T1w) MR images were acquired to assess BBB integrity after 
FUS induced BBB opening. Contrast enhancement in the brain 30 min 
after FUS was used to assess the BBB permeability enhancement volume 
among the three CCD cutoffs, with representative T1w MR images 
shown in Fig. 3A. Successful opening in the targeted left striatum was 
found in all mice for all three cutoffs. The average contrast enhancement 
volume found for the low, medium, and high cutoffs were 10.6 ± 2.88 
mm3, 31.3 ± 4.62 mm3, 46.9 ± 4.74 mm3, respectively (Fig. 3B). 
Furthermore, there was significant differences found in contrast 
enhancement volume among the three cumulative CD cutoffs (lCCD vs 
mCCD p < 0.01, lCCD vs. hCCD, p < 0.0001, mCCD vs. hCCD, p < 0.05). 
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Fig. 2. Cavitation Controller Results. A) Representative normalized CD plots (top row) and cumulative CD plots (bottom row) generated in real-time during son-
ications for CCDtargets of low (green, left column), medium (yellow, middle column), and high (blue, right column). Arrows in the normalized CD plots for the medium 
and high CCDtargets indicate points of microbubble reinjection. The dashed red lines represent the 1 dB CD level for when microbubbles would be reinjected and the 
dashed colored lines correspond to the respective CCDtargets. Plots are normalized to the average CCD measured during the control (no microbubbles). B) Cavitation 
levels broken down into harmonic (harm), ultraharmonic (ultra), and broadband (BB) for the three CCDtargets. The spike in harmonic CD at the beginning is when 
microbubbles are injected. Summary of the C) sonication duration (low: 0.68 ± 0.22 min, medium: 4.0 ± 0.89 min, high: 7.2 ± 1.1 min) and D) number of injections 
(low: 1.3 ± 0.13 injections, medium: 1.8 ± 0.27 injections, high: 3.5 ± 0.45 injections) for the three different CCDtargets (One-way ANOVA with Tukey's post-hoc 
multiple comparisons) E) Breakdown of the CD data into harmonic, ultraharmonic, and broadband (BB) doses. The mean CD over the whole sonication duration 
are reported for all three CCDtargets. N = 12 mice for each CCDtargets group was used. All error bars represent SEM. * - p < 0.05, ** - p < 0.01, **** - p < 0.0001, ns – 
not significant (p > 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Reporting of cavitation dose as a metric during BBB opening has 
become common practice in many studies, as it can act as a unifying 
metric in such a large parameter space for FUS-induced BBB opening. It 
has been shown that cavitation dose can be predictive of certain bio-
effects, such as BBB permeability enhancement volume, duration, and of 
various safety metrics [14,33,43]. However, cavitation-modulated bio-
effects has not been extensively explored so far. By employing of a 
simple cavitation-based controller and standardizing the FUS parame-
ters (pressure, pulse sequence, etc.) and microbubble characteristics 
(size distribution, shell type, etc.), the present work was able to produce 
significantly different BBB permeability enhancement volumes using 
CCD as the only tunable parameter. Furthermore, varying the CCD 
resulted in different BBB closing timelines observed using contrast 
enhanced T1w MRI (Fig. 3C). For the lCCD group, the barrier closed 
within 48 h, resulting in no contrast enhancement visible at the 48 h MRI 
scan. As the CCD increased, the closing timeline increased, with the 
mCCD group closing by 72 h and the hCCD group still open at 72 h. 
Though the BBB was still opened for the hCCD group at 72 h, the volume 
of enhancement is visibly smaller than earlier time points, suggesting 
that the BBB is being repaired. Other studies have shown similar vol-
umes of enhancement and found closing timelines up to 5 days, which is 
expected to hold true here as well [16,44]. 

Previous studies have indicated that the BBB permeability 
enhancement volume can be controlled using acoustic pressures 
[12,14,42]. However, in this study, with a fixed acoustic pressure, 
significantly different BBB permeability enhancement volumes were 
achievable by controlling the total amount of cavitation activity emitted 
during the sonication. Furthermore, the FUS parameters used herein 
relied more heavily on stronger harmonic cavitation levels, rather than 

weaker ultraharmonic and inertial cavitation levels (Fig. 2E). Sustained 
inertial cavitation has long been associated with negative bioeffects such 
as cellular damage during FUS-induced BBB opening [18,45,46]. 
Though the exact CCD cutoffs used here to show a relationship between 
cavitation dose and BBB opening properties are highly study dependent, 
the general trend of greater CCD resulting in greater MRI contrast 
enhancement volume and longer BBB closing timelines can be applied to 
other studies. 

A small safety study was also performed with 12 mice to assess any 
determinantal bioeffects of the three CCD groups. Two survival time 
points of 6 h and 72 h after BBB opening (n = 2/group) were chosen and 
H&E staining was performed to assess any histological changes, such as 
red blood cell (RBC) extravasation. Additionally, mice survived for 72 h 
received T2-weighted (T2w) MRI at 48 h and 72 h time points to assess 
the presence of any edema or hemorrhage. It has been well established 
from previous reports that using a similar sonication regime (frequency, 
pressure, pulse length, number of microbubbles per bolus injection, etc.) 
as this study has produced safe and transient BBB openings [12,14,26]. 
However, the effects of multiple microbubble bolus injections have not 
been thoroughly investigated within the aforementioned sonication 
regime. As expected, the lCCD group, which required on average only 
1.3 injections and a sonication duration of about 40 s, similar to previous 
reports which used 1 bolus injection and 1–2 min of sonication, resulted 
in no histological changes and no detectable edema or hemorrhaging at 
any of the time points assessed (Fig. S2A and S2B). The mCCD group, 
with on average 1.8 injections and a longer average sonication of 4 min, 
resulted in minimal edema visible at 48 h that mostly subsided by 72 h 
(Fig. 4A). Additionally, histological damage was not found at any of the 
time-points for the mCCD group (Fig. S2C and S2D). Finally, for the 

Fig. 3. A) Representative axial (top row) and coronal (bottom row) contrast enhanced T1w MRI images after FUS-induced BBB opening using the cavitation-based 
controller system for the three different CCDtargets. B) Average BBB permeability enhancement volume 30 min after gadolinium injection. Statistically significant 
volumes of enhancement were found in all three CCDtargets groups (One-way ANOVA with Tukey corrected post-hoc comparisons). All error bars represent SEM. * - p 
< 0.05, ** p < 0.01, ****p < 0.0001. C) Representative axial contrast enhanced T1w MRI images over three time points (0.5 h, 48 h, and 72 h) for all three CCDtargets. 
The BBB closing timeline varied depending on CCDtargets, ranging from closing within 48 h for lCCD, to being still opened at 72 h for hCCD. 
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hCCD, with on average 3.5 injections and an average sonication dura-
tion of 7.2 min, both edema and RBC extravasation were present. The 
edema presented in the hCCD group was similar to that found in the 
mCCD, in that the minimal edema present at 48 h had started to reduce 
drastically by 72 h (Fig. 4B). Moreover, minimal RBC extravasation was 
visible in the hCCD group for both 6 h (Fig. 4C) and 72 h (Fig. 4D) time 
points. Overall, through the use of a simple cavitation controller, 
different bioeffects were elicited without changing the sonication pa-
rameters ranging from small BBB openings without any edema or his-
tological changes to larger openings with transient edema effects and 
minimal RBC extravasation. This allowed the potential for the control of 
different degrees of BBB opening, depending on the application, while 
simultaneously minimizing inertial cavitation effects. Future studies are 
still necessary in order to further investigate the effects on specific cell 
types such as microglia and astrocytes when using this cavitation-based 
controller system. 

3.3. Transient inflammatory response to FUS-induced BBB opening is 
influenced by the Cumulative Cavitation Dose 

Quantitative PCR analysis was used to assess the brain's immune 
response to FUS induced BBB opening following the three different 
CCDs. The gene expression from an array of 84 genes associated with 
mouse inflammatory cytokines & receptors were assessed. 

Volcano plots of relative gene expression (normalized to the non- 
sonicated contralateral side) for all three CCDs (rows) and all three 
time-points (columns) are shown in Fig. 5. At the earliest time point of 6 
h, the lCCD group did not have any significant changes in gene 
expression, which were changes in expression that were both statisti-
cally significant (q < 0.05) and biologically relevant (log2(FoldChange) 
> 1 for upregulated and log2(FoldChange) < − 1 for downregulated). 
However, both mCCD and hCCD groups had multiple genes that were 
upregulated and biologically relevant, with the hCCD group having a 

Fig. 4. Consecutive coronal T2-weighted MRI images acquired in mice receiving A) medium CCD or B) high CCD taken at 48 h and 72 h after FUS-induced BBB 
opening. Hyperintense areas indicated by the white arrows represent regions of edema, and were only present in the sonicated hemisphere on the left. No hypo-
intense pixels were visible, indicating a lack of hemorrhaging. Histology using H&E staining was performed, and minimal RBC extravasation was found in only the 
high CCD group at both C) 6 h and D) 72 h after FUS-induced BBB opening. The left striatum was sonicated (FUS+) and the right striatum was used as the control 
(FUS-). RBC extravasation was only found in the boxed region in the left striatum, with the contralateral side shown as a control. The scale bar for full coronal section 
view is 1 mm and the scale bar for the zoomed in region is 100 um. 
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few genes that were statistically significant as well. Additionally, both 
the mCCD and hCCD group tended to skew towards the right more than 
the lCCD group, suggesting a trend towards greater upregulation of 
genes within the inflammatory response pathway examined. These 
findings indicate that the inflammatory response to FUS-induced BBB 
opening is consistent with the changes in CCD. The complete list of log2 
fold change for all genes assessed in the qPCR array 6 h after BBB 
opening can be found in Table S1. 

At the 24-h time-point, all three CCD groups have a marked change 
in gene expression compared to their respective 6-h time-points. For the 
lCCD group, there was an increase in both significantly upregulated and 
downregulated genes that were not seen at the 6-h time-point. The 
mCCD and hCCD groups continued to have significantly upregulated 
genes, but also an increase in significantly downregulated genes. 
Though the hCCD group did not result in any statistically significant 
gene upregulation, there is still a substantial amount of biologically 
relevant gene upregulation compared to the lCCD and mCCD groups. 
Additionally, the hCCD group persistently experienced the right skew-
edness in data, similar to its 6-h time-point. The change in gene 
expression for all three groups after FUS suggests that the inflammatory 

response has a temporal component that peaks between 6 h and 72 h. 
The complete list of log2 fold change for all genes assessed in the qPCR 
array 24 h after BBB opening can be found in Table S2. 

Finally, at the 72 h time point, there was a total shift in gene 
expression for all three CCD groups, with an absence of both signifi-
cantly upregulated and significantly downregulated genes. The majority 
of gene expression in the three CCD groups was not biologically relevant 
or statistically significant 72 h after FUS-induced BBB opening, indi-
cating a return to baseline gene expression. The complete list of log2 fold 
change for all genes assessed in the qPCR array 72 h after BBB opening 
can be found in Table S3. Overall, these results suggest that the in-
flammatory response to FUS-induced BBB opening is a transient 
response that peaks around 24 h and is reinstated to baseline within the 
72 h time frame. This also fits the BBB closing timeline at the FUS pa-
rameters used here [12,44], indicating that the changes in gene 
expression may be associated with the BBB opening and repair process. 
Additionally, the initial response (6 h) and temporal progression (24 h to 
72 h) of the measured inflammatory response was consistent with the 
increase in CCD targets (i.e., the greater the CCD target, the larger the 
magnitude of the inflammatory response over time). Though these 

Fig. 5. Volcano Plots of Gene Expression Changes. Relative gene expression is expressed as log2 of the fold change relative to the contralateral side. Each row 
represents data from low, medium, or high CCD (lCCD, mCCD, hCCD) groups while each column is a different time point (6 h, 24 h, 72 h). The checkered regions 
represent statistically significant changes in gene expression (q < 0.05, red line) and have a log2 fold change greater than 1 for upregulation, and less than − 1 for 
downregulation (green lines). Genes in the top left quadrant (checkered blue) represent genes significantly downregulated and genes in the top right quadrant 
(checkered red) represent genes significantly upregulated. N = 4 per plot. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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findings indicate a relationship between CCD and the inflammatory 
response, additional parametric studies employing varying parameters, 
such as pressure and microbubble composition, are warranted to fully 
elucidate the relationship between CCD and inflammatory response. 

For a more in-depth evaluation of the changes in gene expression, 
heatmaps showing only the genes with significant changes in expression, 
grouped by the three CCD groups, are shown in Fig. 6. The qPCR kit used 
in the study focused mainly on the cytokines and receptor genes asso-
ciated with the inflammation pathway and its associated downstream 
effects. The cytokine superfamily of proteins is essential in the signaling 
network between cells and in regulating the immune system [47]. Cy-
tokines and chemotactic cytokines (chemokines) mediate the commu-
nication of the immune system [47]. Their biological signals affect the 
growth and development, hematopoiesis, lymphocyte recruitment, T 
cell subset differentiation and inflammation [47]. In acute neuro-
inflammation, the coordinated recruitment and placement of effector 
cells to the site of inflammation requires the expression of inflammatory 
cytokines and their respective receptors on target cells [48,49]. 

Cytokines can be broadly grouped based on whether they act on cells 
of the adaptive immune response, promote or inhibit inflammation [50]. 
Among the well-characterized pro-inflammatory cytokines is 
interleukin-1 beta (IL1b) that is secreted by multiple cell types and 
mediates a wide range of inflammatory signaling responses [50]. IL1b 
signal transduction results in the activation of mitogen-activated protein 
kinases (MAPKs) and the nuclear factor kappa-light-chain-enhancer of 
activated B cells (NFκB) pathway leading to pro-inflammatory cytokine 
transduction [50]. Herein, expression levels of Il1b were upregulated 
only at the 6 h time point in the mCCD and hCCD groups, most likely in 
response to molecules stimulating pattern recognition receptors (PRR) 
following BBB opening (Table S1). Along with the upregulation of Il1b 
expression, upregulation of the interleukin-1 receptor antagonist (Il1rn) 
was observed, primarily in the mCCD and hCCD groups, which prevents 
further IL1b binding, inhibits signal transduction, and dampens the 

inflammatory response [50]. Additionally, upregulation of Il1rn 
expression was still present for the hCCD group at 24 h, indicating to a 
potential stronger response due to the larger BBB permeability 
enhancement volume. Additional key pro-inflammatory cytokines that 
bind to the same cytokine receptor with IL1b, are tumor necrosis factor 
(TNF) and interleukin-6 (IL6) [50]. TNF is primarily secreted from 
activated macrophages and stimulates the proliferation of normal cells, 
exerts cytolytic or cytostatic activity against tumor cells, and causes 
inflammatory, antiviral, and immunoregulatory effects [51]. Shortly 
following the sonication (6 h) at the hCCD group, TNF expression was 
upregulated but the effect subsided by 24 h, when the expression of 
tumor necrosis factor ligand superfamily member 10 (Tnfsf10), driving 
cell apoptosis, was significantly downregulated. Additionally, the 
expression of tumor necrosis factor ligand superfamily member 11 
(Tnfsf11), which augments the ability of dendritic cells to stimulate 
naive T cell proliferation and regulates the corresponding immune 
response, was upregulated at the 24 h time point. IL6 cytokine is pri-
marily secreted by activated T cells, macrophages and fibroblasts while 
is involved in hematopoiesis, and is critical in the final maturation of B- 
cells into antibody-producing plasma cells [50]. Contrary to Il1b and 
Tnf, expression of IL6 receptor subunit alpha precursor (Il6ra), which in 
its soluble form extends the half-life of IL6, was significantly down-
regulated at 24 h in all CCD groups, suggesting resolution of the asso-
ciated inflammatory signaling. 

The cytokines of interest that belong to the adaptive immune system 
include interleukins 4, 5, and 13 (IL4, IL5, IL13) and macrophage colony 
stimulating factor (CSF2). IL4 and IL13, that closely maps IL4, are pro-
duced by activated T cells, mast cells, basophils and natural killer T cells 
(NKT) and their biological effect is the inhibition of macrophage acti-
vation [47]. The expression levels of these two cytokines were found 
upregulated 24 h following FUS and could be accounted responsible for 
the downregulation of inflammatory actions. IL5 is primarily produced 
by activated T cells and aids in the growth and differentiation of 

Fig. 6. Heat maps of relevant genes with changes in expression levels relative to the non-sonicated contralateral striatum. Each heat map is grouped by the CCD 
groups (low, medium high) and within each group, the 3 time points (6 h, 24 h, 72 h) are shown. Genes with statistically significant changes and biologically relevant 
changes (|log2FC| > 1) at any time point or in any group are included. Genes marked with an asterisk signify statistically significant log2 fold change. Genes with 
positive log2 fold changes were considered upregulated and genes with negative fold2 changes were considered downregulated. Statistically significant changes in 
gene expression were assessed using paired sampled t-test with FDR multiple comparison correction (q < 0.05). Each point in the heat map is the arithmetic mean 
log2 fold change of 4 mice. 
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eosinophils and late-developing B cells [47]. The expression levels of IL5 
receptor subunit alpha (Il5ra) was found upregulated 24 h following FUS 
in all three CCD groups. 

Finally, interleukin 10 (IL10) that is primarily secreted by microglia 
and astrocytes in the brain, is an essential anti-inflammatory component 
mediating immunosuppressive signal, and thus inhibits the synthesis of 
proinflammatory cytokines [47,51]. IL10 exerts its anti-inflammatory 
effects through binding to receptors composed of two subunits, IL10 
receptor alpha (IL10ra) and IL10 receptor beta (IL10rb). While most cell 
types express IL10ra, research has shown that microglia, and potentially 
astrocytes, express both receptor subunits [51]. Both expression levels of 
Il10ra and Il10rb were investigated in this study, but changes in 
expression level were only found in Il10ra. Specifically, biologically 
relevant downregulation of Il10ra expression was found only at the 24-h 
time-point in all CCD groups (Table S2). Downregulation of Il10ra 
expression, particularly if it were to happen in microglia and astrocytes, 
may result in sustained upregulation of pro-inflammatory cytokine 
expression observed at the 24 h time-point, requiring other cytokines 
involved in the adaptive immune response to engage in dampening the 
inflammation. 

The chemotactic cytokines, or also known as chemokines, are a large 
family of small, secreted proteins that signal through chemokine re-
ceptors. Chemokines and their receptors control the migration and 
positioning of immune cells in tissues and are critical for the function of 
the innate immune system following a protective or destructive immune 
and inflammatory response [49,52]. There are two families of chemo-
kines, the CC chemokines that stimulate mainly monocytes, but also 
basophils, eosinophils, T-lymphocytes, and natural killer (NK) cells and 
the CXC family that mainly stimulates neutrophil chemotaxis, and is 
essential for receptor binding [48]. 

Significant changes in expression levels of a few members of the 
monocyte chemotactic protein (MCP) subfamily of CC chemokines were 
observed. The MCP members are primarily regulating the migration and 
infiltration of monocytes, memory T lymphocytes, and NK cells [53,54]. 
The expression of Mcp1/Ccl2 and Mcp3/Ccl7 were found to be the most 
significant, but a few other MCPs were observed exhibiting biologically 
relevant changes in expression levels, including Mcp2/Ccl8, Mcp4/Ccl13 
and Mcp5/Ccl12. The MCP response to the FUS-induced BBB opening 
and the corresponding inflammation followed a cavitation-controlled 
pattern within a well-defined time course. Specifically, expression 
levels of both Ccl2 and Ccl7 increased linearly with increased CCD levels 
(i.e., greater CCD resulted in greater upregulation of Ccl2 and Ccl7). Ccl2 
and Ccl7 are rapidly produced by stromal cells and immune cells after 
pattern-recognition receptor activation or after cytokine stimulation 
[48]. Ccl2 stimulates the chemotaxis and induces a weak cytokine 
expression in monocytes while Ccl7 is structurally similar to Ccl2 and is 
involved in monocyte mobilization [48]. The proportional change in 
expression levels of Ccl2 and Ccl7 to CCD indicate a potential relation-
ship with CCD and the strength of the immune response and resulting 
cytokine stimulation. 

In the CXC family, chemokines CXCL1–3,5–8 are classified as in-
flammatory while CXCL4 is plasmatic or platelet related, CXCL12 and 
CXCL13 as homeostatic and CXCL9, CXCL10, CXCL11 and CXCL16 
exhibit a dual function [48]. In acute inflammation, neutrophils are the 
first cells that infiltrate into the tissue. Neutrophils control the infection 
by phagocytosing and by releasing other chemotactic mediators, such as 
CXCL1, CXCL8, CXCL9 and CXCL10 that recruit other leucocytes to the 
affected tissues [48]. Consistent with these findings is the pattern 
observed following FUS. Increased neutrophil phagocytosis is believed 
to cause the relative gene expression upregulation of Cxcl10 with 
increasing persistence following the CCD. Biologically relevant expres-
sion levels of Cxcl10 were not detected for the lCCD group but were 
relevantly increased at the 6-h time-point of the mCCD group and at 
both the 6-h and 24-h time-points in the hCCD group (Table S1 and 
Table S2). Additionally, Cxcl12 expression levels were only significantly 
downregulated at the 24-h time-point regardless of the CCD, but around 

baseline levels at both 6 h and 72 h, indicating the inflammation func-
tion peaking at around 24 h time point. 

Previous research from other groups performing transcriptome 
analysis on whole brain tissue to investigate the inflammatory response 
after FUS-induced BBB opening have also found significant changes in 
gene expression. Kovacs et al. specifically investigated the NF-κB 
pathway and found alarming levels of gene expression in regions of the 
brain receiving FUS-induced BBB opening [30]. The type of changes in 
gene expression associated with the inflammatory response reported by 
Kovacs et al., however, were drastically greater than what was found in 
this study. For example, a few of the overlapping chemokine and cyto-
kine genes (e.g. Ccl12, Cxcl1, Il1b, Tnf) reported were severely upregu-
lated with fold changes ranging from 10 to 149 at the 6-h time-point, 
while in comparison, the same genes in this study were either not 
significantly upregulated at all in our lCCD group or moderately upre-
gulated (less than 13 fold change) in the mCCD and hCCD groups at the 
same time-point. Furthermore, all the changes in gene expression in this 
study returned to baseline by the 72-h time-point. The key difference 
between our studies is we only sonicated a single region within the 
striatum while Kovacs et al. required multiple sonications which could 
increase the potential of overlapping locations, resulting in a potentially 
stronger inflammatory response in repeatedly sonicated regions. 
McMahon et al. also investigated the gene expression associated with the 
NF-κB pathway, but were able to induce much lower levels of gene 
expression changes [29]. In this study, the types of inflammatory 
response found follow a similar profile as those reported by McMahon 
et al. when they employed clinically recommended microbubble dosing 
and the acoustic controller system developed by O'Reilly et al. [38]. 
Furthermore, McMahon et al. reported that microbubble dosing was a 
factor to consider, as they were able to show increased levels of gene 
expression when using microbubble doses ten times greater than the 
clinically recommended (10×), albeit, still much lower than that re-
ported by Kovacs et al. The caveat, however, is that in this study, while 
using a microbubble dosing of 10×, we were still able to induce varying 
levels of gene expression through controlling the cavitation levels 
throughout the sonications. Moreover, the requirement of multiple 
bolus injections for the higher CCD groups may have an effect on the 
expression levels, as a recent publication has shown that the inflam-
matory response following FUS induced BBB opening was influenced by 
the microbubble formulation itself, including the size distribution and 
total gas volume injected [55]. Further studies investigating micro-
bubble formulations and the changes in cavitation dynamics and in-
flammatory response are necessary. 

More recent reports performing advanced transcriptomics through 
both bulk and single-cell RNA sequencing have also found compelling 
variable levels of inflammatory response following FUS-induced BBB 
opening. By employing bulk RNA sequencing, Mathew et al. found dif-
ferences in specific enriched and repressed pathways, such as inflam-
mation, metabolism, and repair, dependent on to the specific type of 
anesthetic used during FUS-induced BBB opening (isoflurane vs. keta-
mine) [56]. Moreover, Curley et al. performed bulk RNA sequencing and 
found similar immunomodulatory response after FUS-mediated opening 
in the BBB and blood-tumor barrier in a tumor mouse model, indicating 
consistent inflammatory response in a diseased mouse model [57]. 
Teasing apart the implications of anesthesia and disease on the immu-
nomodulatory effects of FUS-induced BBB opening will be crucial in 
order to fully characterize the transcriptomic and proteomic changes for 
clinical applications, as most patients are expected not to be under 
anesthesia and have some sort of disease (neurodegenerative, cancer, 
etc.). Additionally, Mathew et al. performed single-cell RNA sequencing 
of transfected cells after delivery of plasmids with FUS-induced BBB 
opening, and found transfection efficiency and cell transfection distri-
bution to be FUS pressure dependent [58]. Using a very similar MI to this 
study, Mathew et al. found greater number of transfected microglia 
exhibiting stronger changes in differential gene expression when 
compared to lower FUS pressures. Interestingly, the transfected cells at 
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48 h after FUS-induced BBB did not exhibit an upregulation of the 
conventional markers associated with sterile inflammation, indicating a 
potential earlier return to baseline levels than the 72 h time point found 
herein. Finally, Gorick et al. also demonstrated through single-cell RNA 
sequencing, a pressure dependent change in gene set enrichment and 
repression in FUS-transfected brain endothelial cells [59]. Overall, 
active research employing advanced transcriptomics can help further 
elucidate and understand the immune response to FUS-induced BBB 
opening, and whether cavitation controller systems are able to modulate 
the response from specific cell types. 

Our observations complement previously reported findings in the 
literature, highlighting the importance of control over cavitation levels 
as a regulatory mechanism of the inflammatory cascade, intensity, and 
duration. The study presented herein provided new important elements 
in the role of FUS in eliciting immune responses. Using fixed sonication 
parameters, the cavitation dose was demonstrated herein as one of the 
principal regulators of the BBB permeability enhancement volume and 
the induced inflammatory response. Control of the cavitation level 
drives consistent volumes of enhancement, resulting in various levels of 
inflammation consistent with the respective cavitation dose. Previously, 
Kovacs et al. proposed the release of damage-associated molecular 
patterns (DAMPs) from injured cells followed by the activation of the 
NFκB pathway after BBB opening, and concluded a strong correlation 
between the sonication regime and the immune response [30,60]. 
McMahon et al. narrowed down the driving mechanism from sonication 
regime to microbubble dose as the inflammatory intensity regulator. 
Among different sonication schemes, their study proved the efficacy of a 
reduced inflammatory response when a lower dose of microbubbles 
combined with acoustic feedback control of the FUS pressure level was 
used [29]. However, the proposed regulatory mechanisms were deemed 
insufficient predictors of the inflammatory response given the BBB 
permeability enhancement volume has not yet been studied as a po-
tential regulator [10]. In our study, using a microbubble dosing ten 
times greater than that approved by the FDA for BBB opening clinical 
trials, the cavitation controlled sonications allowed for consistent BBB 
permeability enhancement volumes with not only a distinct, but also a 
transient inflammatory response; almost all observed genes in the son-
icated region returned to expression levels similar to the non-sonicated 
contralateral region within 72 h after the BBB opening. Instead of 
relying solely on fixed sonication parameters, our findings highlight the 
importance of cavitation-based controller systems that adjust and 
maintain cavitation levels with real-time feedback on the bubble activity 
and, as shown herein, inferring to the associated inflammatory response. 
Additional studies are, however, warranted to determine the entire 
parametric space for a more granular understanding of the relationship 
between the FUS and microbubble parameters and the resulting types of 
inflammation. Moreover, employing state-of-the art techniques such as 
single cell RNA sequencing can help further elucidate the distinct 
response of different cell types to FUS-induced BBB opening, and allow 
for the possibility of activation/repression of specific cell populations for 
therapy. 

3.4. Limitations 

There are several limitations to the present study and the cavitation 
controller system. The first limitation are the microbubbles dosing and 
multiple reinjections. Definity microbubbles were injected at a dose 10 
times the recommended clinical dose, and in certain cases reinjected 
multiple times. Though none of the animals in the study had any 
unanticipated adverse short- or long-term effects prior to their end- 
point, systemic effects of such high volumes of microbubble dose may 
need to be further evaluated. Additionally, multiple microbubble bolus 
injections could have been avoided through using microbubble infusion. 
A recent study has shown that a single microbubble infusion was capable 
of consistently opening the BBB in multiple locations up to six minutes 
after the start of infusion [61]. However, even with multiple bolus 

injections of microbubbles, we were able to achieve consistent and 
distinct BBB permeability enhancement volumes without tissue damage 
such as hemorrhage using the cavitation controller system presented 
herein. As a result, combining an infusion protocol with the cavitation 
controller may result in lower levels of inflammation, as cavitation 
levels with infusion rates have been shown to be more predictable and 
sustained [34], potentially eliminating the need for microbubble rein-
jections and reducing the probability of broadband responses. Another 
limitation of this study was that inflammation and safety was only 
evaluated on the tissue level; evaluation of relative gene expression with 
qPCR and H&E staining only provide a glimpse into the underlying 
complex cellular response to FUS-induced BBB opening. Further studies 
are necessary to assess the different effects CCD may have on specific cell 
types, such as neurons, microglia or astrocytes, both on a morphological 
level through immunohistochemistry (IHC) and more importantly, on 
the transcriptomic level through single-cell RNA sequencing. Currently, 
there have been very limited studies employing high throughput tech-
nologies to investigate changes in transcriptome and biological path-
ways of specific cell types in response to FUS-induced BBB opening 
[56–59]. These studies are crucial to be able to elucidate the driving 
force of the inflammatory response following FUS-induced BBB opening, 
and whether peripherally circulating immune cells play a role in 
inflammation and BBB repair. Furthermore, BBB permeability changes 
evaluated through contrast-enhanced MRI only provide insight in 
changes of contrast diffusion rate, without providing direct evidence of 
changes in vascular permeability. Evaluation at a cellular level is 
necessary in order to elucidate the observed changes in permeability 
using the cavitation controller. Previous reports have found different 
types of cellular transport across the BBB (transcytosis, paracellular 
transport, etc.), which may explain the observed differences in perme-
ability enhancement if different types of transport dominate, depending 
on the CCD [62,63]. A third limitation of this study is the clinical 
translatability of the cumulative cavitation controller system. The FUS 
transducer was operated at 1.5 MHz and the controller system quantified 
a large frequency range of cavitation emissions (4.5 MHz – 13.5 MHz), 
all of which have been optimized in murine models. However, this exact 
system cannot be translated into humans due to the attenuation and 
aberration of the ultrasound and cavitation signals by the thick human 
skull. Much lower FUS frequencies (i.e. < 0.5 MHz), and therefore lower 
cavitation detection bandwidth, are necessary for transcranial FUS- 
induced BBB opening in humans [64,65]. Finally, for clinical trans-
latability, it is expected that patients will not be under anesthesia, 
causing a potential change in cavitation response in awake patients. It is 
well established that most general anesthetics cause vasodilation in 
patients [66], which could increase flow rates and microbubble perfu-
sion in sonication regions. Additional research in awake animals is 
necessary to further understand the potential changes in cavitation dy-
namics with and without anesthesia. However, the findings in this study 
further support the importance of both cavitation dose monitoring and 
cavitation controlling to be able to produce safe, transient, and consis-
tent BBB openings. Future studies optimizing the cavitation controller 
with lower frequencies in more relevant animal models are necessary for 
clinical translation. 

4. Conclusion 

FUS-induced BBB opening is widely known as a non-invasive tech-
nique for drug delivery to the brain. Histological and behavioral safety 
studies have shown that within a certain parametric window, FUS- 
induced BBB opening can be a safe and transient procedure. In recent 
years, safety studies have shifted towards utilizing transcriptomics and 
proteomics to evaluate the innate immune response to FUS-induced BBB 
opening. In this study, the inflammatory response induced by variable 
cavitation levels and different BBB permeability enhancement volumes 
were shown to be regulated through the associated cumulative cavita-
tion dose levels. Cytokines responded to the inflammation induced by 

R. Ji et al.                                                                                                                                                                                                                                        



Journal of Controlled Release 337 (2021) 458–471

470

the opening of the BBB by secreting inflammatory activators as well as 
inhibitors to resolve the inflammation response by 72 h at the latest. The 
variations in cavitation level and BBB permeability enhancement vol-
ume can dictate the onset of increased cytokine expression and duration. 
Through comparison of the variable cavitation levels, we can identify 
possible genes of interest that respond to the smallest disruption and 
further elucidate the specific cell types and pathways that are affected 
immediately following sonication. Throughout the study, the parame-
ters used were optimally designed for murine models, this work still 
highlights the importance and effectiveness of monitoring and control-
ling cavitation for producing transient and effective BBB openings in 
pre-clinical applications. Furthermore, depending on the application, 
controlling the cavitation dose with fixed sonication parameters can be 
used as to elicit different degrees of BBB openings and inflammatory 
response. Over the past two decades, many methods of evaluating safety 
after FUS-induced BBB opening have been proposed including MRI, 
immunohistochemistry, behavioral studies, and more recently tran-
scriptomics and proteomics. Throughout all the studies, it has become 
increasingly clear that safety is an intricate and multifaceted metric that 
will need to be evaluated on a spectrum, where different outcomes will 
be assessed, and a cost-benefit analysis is required. As FUS-induced BBB 
opening transitions further into the clinic, solely relaying on using “one- 
size-fits-all” sonication parameters for treatment in humans will not be 
sufficient. The implementation of cavitation-based controller systems, 
coupled with patient specific pre-planning and targeting, will be para-
mount for safe and effective treatment of patients in the future, allowing 
for a precision medicine approach in the treatment of neurological 
diseases. 
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